There are many different activities that generate high-strength ammonium wastewaters including petrochemical effluent, pharmaceutical effluent, fertilizer waste and leachates produced by urban solid waste disposal sites. Some of the actual ammonium-rich wastewaters usually contain ammonium concentrations as high as 1000 mg/L[@b1][@b2]. Partial nitritation (PN) to nitrite has been reported to be technically feasible and economically favorable, especially when wastewater with high ammonium concentrations or low C/N ratios is treated[@b3]. However, under high ammonium concentrations, nitrogen overload might occur due to the sharp increase of influent ammonium concentration along with greater influent flow rate. The PN performance sometimes might be constrained with high free ammonia (FA). In addition, some problems have also been reported with the stability of the PN system because of the accumulation of nitrite-oxidizing bacteria (NOB) in the biomass under the nitrite-rich condition[@b4].

To achieve PN, the activity of nitrite-oxidizing bacteria (NOB) must be selectively reduced without affecting the activity of ammonia-oxidizing bacteria (AOB)[@b5]. However, the low proliferation rates of AOB greatly limit the nitritation process. Thus, attempts have been made to develop new reactors or optimize operating conditions of the currently existing reactors. Several controlling factors can be applied to out-compete NOB and ensure nitrite accumulation, such as free ammonia (FA) or free nitrous acid (FNA) inhibition, dissolved oxygen (DO), pH, temperature and short sludge retention time (SRT)[@b6][@b7]. Among all factors, FA was commonly selected as a key parameter to achieve nitrite accumulation because of its different inhibition values on AOB and NOB[@b8]. Anthonisen *et al*.[@b9] first reported that FA at 10--150 mg/L could inhibit *Nitrosomonas*, while 0.1--1.0 mg/L could inhibit *Nitrobcaters*[@b9]. Bae *et al*. reported that the influent FA concentrations were always in the inhibitory values (0.1--4.0 mg/L) for NOB[@b10]. From economic and practical considerations, DO concentration is a feasible control parameter, since low DO concentrations can save aeration consumption. In addition, the optimal pH for *Nitrosomonas spp.*, a typical AOB, ranges from 7.9 to 8.2, while that for *Nitrobacter spp.*, a typical NOB, ranges between 7.2 and 7.6, and that for PN reactor operation ranges between 7.6 and 8.2[@b11][@b12]. Moreover, it is believed that high temperature (30 °C--35 °C) is optimal for achieving nitritation[@b13]. All of these methods enhanced the start-up and stability of the nitritation reactor to a certain extent.

PN performance is crucially determined by the bacterial dynamics in the reactors, such as species and relative abundance of AOB. Thus, it is necessary to track the AOB dynamics during the startup and operation of nitritation reactors. Despite its significance, the AOB dynamics have not been fully revealed, possibly because of the limitations of conventional molecular methods such as the low sequencing depth[@b8]. The successful application of high-throughput sequencing technologies has made it possible to explore microbial community dynamics with sufficient sequencing depth[@b14]. Importantly, the high-throughput can make sequencing much more time- and cost-effective[@b15][@b16] relative to conventional sequencing methods. Thus, it can facilitate comparative analysis among several samplings. It has been shown that high-throughput sequencing can provide significant information dealing with the population diversities of activated sludge[@b17]. However, few studies have investigated the microbial dynamics during the startup and operation of nitritation. Hopefully, high-throughput sequencing can improve our understanding of the nitritation process.

In this study, a sequencing batch reactor (SBR) was operated under influent ammonium concentrations up to 1500 mg/L to provide further information in the development of high-rate and stable operation of PN process treating high strength ammonium wastewater. The PN performance and the related stability of the nitrogen loading rate (NLR) were investigated during the 172 days operation. The DO and FA/FNA affecting PN performance were also evaluated accordingly. Variations in the microbial community populations during the SBR operation were examined by 16S rRNA high-throughput sequencing.

Results and Discussion
======================

Reactor performance
-------------------

In this study, the SBR was operated for 172 days with the aim of obtaining stable PN and enriching AOB under high ammonium feeding. In the process, the influent ammonium concentration was increased progressively from 100 to 1500 mg/L, which led to the NLR gradually increasing. Based on the performance characteristics of the entire operation, the PN process could be divided into four phases ([Fig. 1](#f1){ref-type="fig"}).

In phase I, during the first 7 days, the reactor was fed at low ammonium concentration (100 mg/L) and the ammonium nitrogen was primarily converted to nitrate rather than nitrite, suggesting that considerable levels of NOB were present in the reactor. As shown in [Fig. 1](#f1){ref-type="fig"}, the operation was started with an initial NLR of 0.12 kg/m^3^/d. During the first 7 days of operation, a significant amount of ammonium was oxidized to nitrate (up to 80 mg/L on day 7, see [Fig. 1a](#f1){ref-type="fig"}). As soon as the ammonium concentrations in the influent wastewater increased to 200 mg/L on day 8, nitrite accumulation occurred. When the NLR was increased from 0.12 to 0.24 kg/m^3^/d ([Fig. 1c](#f1){ref-type="fig"}), the nitrate production progressively decreased to 28 mg/L (day 17), while the nitrite accumulation rate (NAR) increased from 4.85% (day 8) to 80% (day 17) ([Fig. 1a,b](#f1){ref-type="fig"}). From day 17 onwards, stable partial nitritation was maintained in the reactor, and the average NAR was 82%, indicating a steady inhibition of NOB by the strategy of limited aeration and high free ammonia[@b18].

In phase II, after the start-up period, the reactor was operated to elevate the NLR by increasing the influent ammonium concentration stepwise to test the PN performance at DO 0.8--1.0 mg/L. During this phase, the influent ammonium concentration was elevated to 300 mg/L, while the ammonium removal efficiency was maintained at above 85% at the fixed hydraulic retention time (HRT) of 20 h. During days 61--90, the influent ammonium was increased to 400 mg/L, the effluent nitrite progressively increased to 339 mg/L, and the system eventually reached the ammonium removal efficiency above 95% and a NAR of 85.5%. The ammonium removal rate (ARR) and nitrite production rate (NPR) were developed proportionately to 0.423 and 0.406 kg/m^3^/d respectively, as the NLR increased to 0.48 kg/m^3^/d.

A strong oxygen limiting condition was applied in the NLR by reducing the DO to 0.3--0.5 mg/L which was expected to enrich AOB[@b18] and observe whether the decrease of DO concentration effect on the nitritation performance. In phase III (days 91--143), the influent ammonium was further raised to 1000 mg/L at a fixed HRT of 10 h, which corresponded to an NLR of 2.4 kg/m^3^/d, while the DO was decreased to 0.3--0.5 mg/L. The ARR was finally developed to 2.363 kg/m^3^/d, keeping the effluent ammonium at 12--24 mg/L. Although some ammonium fluctuations occurred in the effluent, the nitrification performance of the NLR was still maintained stable with average ammonium removal efficiency higher than 90%. Consequently, the effluent nitrite increased further to 958 mg/L and the NPR rose to 2.3 kg/m^3^/d with an NAR of 83% (average NAR around 82%).

Inhibited ammonium removal efficiency was observed in phase IV when the ammonium concentration increased to 1300 mg/L. As the experiment continued, the effluent ammonium increased to 266 mg/L, which corresponded to a gradual decrease in ammonium removal efficiency to 62%, but nitrite accumulation remained as high as 1018 mg/L. Then the ammonium level was decreased to 1100 mg/L, after 6 days of recovery, the ammonium removal efficiency gradually increased to 94.42%. Subsequently, the ammonium concentration increased to 1500 mg/L, which corresponded to the NLR was 3.6 kg N/m^3^/d, the ammonium removal efficiency and NAR finally reached to 94.12% and 83.54%, respectively. The NLR 3.6 kg N/m^3^/d was higher than many of the reported values ([Table 1](#t1){ref-type="table"}). These findings indicate that the system can be used to treat ammonium-rich wastewater with much higher ammonium concentrations at DO 0.3--0.5 mg/L.

Mechanism of partial nitritation achievement in SBR
---------------------------------------------------

Oxygen limitation is a critical factor for maintaining PN stably via nitrite, and AOB outcompete NOB due to the stronger DO affinity of AOB than NOB at low DO concentrations[@b19]. It is known that a DO below 1.0 mg/L is a limiting factor, inhibiting the growth of NOB and alternatively enhancing the growth of AOB, which leads to nitrite accumulation[@b18]. Thus, the DO in the NLR was controlled at 0.8--1.0 mg/L in phase I and phase II to enrich AOB. As previously reported, the growth rate of AOB is 2.6 times faster than that of NOB at a DO level in the range of 0.5--1.0 mg/L[@b20]. With the restriction of DO in the range of 0.5--1.0 mg/L, nitrate production was significantly limited to a negligible amount and nitrite accumulated progressively.

Low level concentration of DO in the mixed liquor (0.3--0.5 mg/L) can help inhibiting the proliferation of NOB[@b19]. In phase III and phase IV, the DO was decreased to 0.3--0.5 mg/L, while the NLR was increased stepwise, finally reached to 3.6 kg/m^3^/d. Meanwhile, the effluent nitrite developed to 1370 mg/L and the NAR increased proportionately to higher than 80%. It should be noted that, when DO decreased from 0.8--1.0 mg/L (phase II) to 0.3--0.5 mg/L (phase III) with the constant influent ammonia concentration 400 mg/L, the average ammonia removal efficiency and the NAR have little fluctuated ([Fig. 1b](#f1){ref-type="fig"}). These findings revealed that the PN process was insensitive to the DO concentration decreased from 0.8--1.0 mg/L to 0.3--0.5 mg/L with the constant influent ammonia concentration 400 mg/L.

FA and FNA are known to inhibit nitrification, especially nitrite oxidation[@b3][@b21]. Although many researchers have reported concentrations of FA and FNA that might inhibit the growth of NOB and cause the accumulation of AOB, the critical values recorded in these studies have varied[@b3][@b22][@b23]. NOB is inhibited by FA at concentrations ranging from 1 to 7 mg/L, while AOB begins to be inhibited at 150 mg/L[@b9]. Obviously, maintaining a relatively high FA concentration was a good strategy to suppress NOB and thus accumulate nitrite in the system. Additionally, researchers have reported that NOB was inhibited by FNA at 0.22 or 0.2 mg/L, while AOB was inhibited at 0.49 mg/L[@b9][@b13].

In this study, FA and FNA increased by increasing of ammonium concentration ([Fig. 2](#f2){ref-type="fig"}). Moreover, we found that the concentration of FNA was below 0.2 mg/L, the valid inhibition value, throughout the experimental period; therefore, only the influence of FA on the performance was considered. The FA concentration of 2--4 mg/L in the influent played no role in the suppression of NOB. However, when the FA concentration rose above 5 mg/L, the nitrate production was dramatically inhibited, and nitrite build-up was noticed along the course of time. Later, in phase III, the FA was 10--30 mg/L, which was above the threshold inhibition values (10 mg/L) of AOB previously reported[@b24]. However, in our study, the ammonia removal efficiency was as high as 97% in phase III, revealing that the AOB was not suppressed under this FA concentration. Subsequently, in the following 10 days (Days 144--154) the influent FA further increased to 40--46 mg/L, which corresponded to an ammonium level of 1300 mg/L. Additionally, the much higher FA affected PN performance (as mentioned above), and the ammonia removal rate decreased from 82% to 62%. The influent ammonium concentration then decreased to 1100 mg/L, with an FA of 34--38 mg/L, after 6 days of recovery, at which time the ammonia removal rate increased to 94.42%. The ammonium concentration subsequently increased to 1500 mg/L, which corresponded to an FA of 40--52 mg/L, at which time the ammonia removal rate and NAR reached 94% and 84%, respectively. These findings suggest that the PN-SBR could stand a much higher FA concentration after a period of recovery.

Microbial community analysis
----------------------------

Evaluation of the bacterial existing in the microbial community over the course of operation is helpful for considering the implementation of PN process treating high ammonium wastewater. To identify the microbial community dynamics during the SBR operation, high-throughput sequencing of bacterial 16S rRNA gene was performed using the Illumina Miseq platform. After removing the low quality reads, a total of 108,461 effective sequences were obtained for the eight samples. The sequence number for each sample was in the range of 9,086--18,162 (see [Table 2](#t2){ref-type="table"}), while the operational taxonomic units (OTUs) of each sample were in the range of 104--444 in the level of the 3% cutoff. Clearly, it can be seen that the species richness of the samples (except for S2) were obviously decreased during the long-term operation, as indicated by the smaller values of ACE and Chao 1. The species richness of the sample S2 collected at day 7 was obviously higher than that of the seed sludge (S1), while nitritation was not observed during the first 7 days (see [Fig. 1](#f1){ref-type="fig"}). The species diversity of all samples was decreased, as indicated by the lower value of Shannon index during the whole operation. Finally, the OTUs number (104), chao 1 (160) and Shanon index (1.2) of S8 were significantly lower than that of the seed sludge sample (S1), revealing that the richness and diversity of microbial community in the nitritation system were significantly decreased under the long-term operation.

As shown in [Fig. 3](#f3){ref-type="fig"}, *Proteobacteria* was the major phyla, with the exception of S2 (23.95%), the relative abundance of this phylum increased significantly over the entire operation (S8, 86.29%). Followed the *Proteobacteria, Chloroflexi* (7.2%), *Bacteroidetes* (4.4%) and *Chlorobi* (1.1%) were also the main dominant phyla in the end. In previous studies, denitrification and even chemolithotrophic denitrification by *Proteobacteria, Chlorobi* and *Chloroflexi* have been detected[@b25][@b26][@b27][@b28]. *Proteobacteria, Chloroflexi, Bacteroidetes* and *Chlorobi* were also the main dominant phyla in previous nitritation studies[@b29][@b30]. With the exception of S2 (52.11%), the relative abundance of *Bacteroidetes* decreased significantly from 38.57% (S1) to 4.41% (S8), which was less abundant than those reported studies regarding to nitritation process[@b29][@b30]. Interestingly, the relative abundance of the NOB *Nitrospirae* increased from 2% (S1) to 3% (S2) after 7 days. These findings indicate that NOB was an abundant phylum in S2, which was consistent with the low NAR in the SBR effluent on day 7 (see [Fig. 1b](#f1){ref-type="fig"}), the nitrate concentrations in the effluent were high (\>80 mg/L) on day 7. When the ammonia concentration increased to 200 mg/L after 25 days operation, the *Nitrospirae* decreased to 2% in sample of S3. *Nitrospirae* was undetected in samples of S5, S6, S7 and S8, implying that NOB disappeared from the reactor.

In order to further validate the function of the community, the top 14 genera determined according to their average abundance in the eight samples were illustrated in [Fig. 4](#f4){ref-type="fig"}. *Nitrosomonas* were regarded as the dominant AOB and *Nitrospira* were the NOB in wastewater treatment plants (WWTPs)[@b31]. Obviously, *Nitrospira*, increased after 7 days from 1.85% (S1) to 3.07% (S2). These findings agree well with the *Nitrospirae* abundance at the phylum level in S1 and S2. As reported, the NOB *Nitrospira* are more sensitive to the high temperature and ammonium concentration than AOB *Nitrosomonas*[@b32]. Followed by the increased influent ammonia concentration, *Nitrospira* could not detected in the S5, S6, S7 and S8, probably confirmed the weak nitrite oxidation inside the reactor which was in accordance with nitritation performance. Specifically, the relative abundance of *Nitrosomonas* increased from 0.81% in S1 to 83% in S8, which was much higher than most of nitritation systems (10--69%)[@b33]. It suggested that the establishment and maintainance of nitritation was primarily the result of predominant AOB developed in the system. As shown in [Fig. 4](#f4){ref-type="fig"}, slight variations occurred between S5 and S6, the relative abundance of *Nitrosomonas* reached 55.51% and 56.83% respectively, which indicated that there was little effect on the abundance of *Nitrosomonas* when DO concentration decreased from 0.8--1.0 mg/L to 0.3--0.5 mg/L with the constant influent ammonia concentration 400 mg/L. However, the *Nitrosomonas* genus was accompanied by a number of genera *Anaerolineae* (7.02%) and *Saprospira* (1.86%). Some species of *Anaerolineae* attached to the bacterial phylum *Chloroflexi* were known to degrade carbohydrate, which had a syntrophic relationship with hydrogenotrophic methanogens[@b34]. Members of *Saprospira* are generally associated with the degradation of complex organic materials[@b35].

Materials and Methods
=====================

Materials
---------

Synthetic wastewater containing ammonium chloride as a nitrogen source was used (see [Table 3](#t3){ref-type="table"}). Activated sludge was obtained from the secondary sedimentation tank of the Mudu wastewater treatment plant (WWTP) in Suzhou, Jiangsu Province, PR China. The WWTP receives wastewater from local industries (10%), including the pharmaceutical industry and the chemical industry.

Partial nitrification reactor setup
-----------------------------------

The lab-scale SBR was constructed as a cylindrical tank with a total volume of 75 dm^3^ (40 cm in diameter and 60 cm high) and a working volume of 50 L. The reactor was equipped with a magnetic stirrer, as well as an air micro-diffuser at the bottom. The reactor was operated at a prolonged sludge residence time (SRT), with no sludge discharged during the experiment, except for the sludge taken during sampling.

Initially, the SBR was inoculated with activated sludge and fed synthetic wastewater using a peristaltic pump. The final suspended solids (SS) and volatile suspended solids (VSS) levels of the inoculation in the reactor were 4.6 and 2.1 g/L, respectively, which corresponded to a VSS/SS of 0.5. In the experiment, DO, pH and T were automatically controlled by a programmable logic controller. The DO concentration in the bulk liquid was measured on-line by a DO electrode (WTW Oxi 340i CellOx 325), and automatically controlled at 0.8--1.0 mg/L in phase I and phase II, then controlled at 0.3--0.5 mg/L in phase III and phase IV to enrich AOB in the system, because AOB have higher tolerance for O~2~ and NO~2~^−^ and higher growth rates at high ammonia concentrations[@b36]. The pH was measured online with a pH probe (WTW SenTix 950) and automatically controlled at 7.8--8.0 by dosing with 0.5 M Na~2~CO~3~. Temperature was controlled at 30.0 ± 0.1 using an electrical heating device. The SBR operating conditions are shown in detail in [Table 4](#t4){ref-type="table"}. The SBR cycle consisted of four phases: 15-min feeding, 9-h aeration, 30-min settling, and 15-min decanting in phase I and phase II, while 15-min feeding, 4-h aeration, 30-min settling, and 15-min decanting in phase III and phase IV. The discharge ratio was 50%.

Wastewater quality analysis
---------------------------

Analytical measurements of ammonium (NH~3~-N), nitrite (NO~2~-N), nitrate (NO~3~-N), SS and VSS in the system were performed according to the Standard Methods[@b37].

High-throughput 16S rRNA gene pyrosequencing and data analysis
--------------------------------------------------------------

Eight samples for Illumina high-throughput sequencing were obtained from different periods of the operation (S1--S8). Total DNA of the samples was extracted using a Soil DNA Kit (OMEGA, USA) according to the manufacturer's instructions. DNA samples were amplified in triplicate by PCR using primer set F515 (5′-GTGCCAGCMGCCGCGG-3′) and R907 (5′-CCGTCAATTCMTTTRAGTTT-3′) for the V4-V5 region of the 16S rRNA gene. The 12-nucleotide barcodes were added to the 5′ end of R907 to allow multiplexing. Details regarding the PCR procedures can be found elsewhere[@b38]. The quality of PCR products was assessed using agarose gel electrophoresis, after which they were purified with AxyPrep DNA gel recovery kits (AXYGEN, USA) and quantified using a Nanodrop spectrophotometer. Next, 16S rRNA gene sequencing was conducted using the Illumina Miseq platform based on paired-end sequencing. Acquired Illumina reads with low-quality, such as those with a length shorter than 150 bp or containing one or more ambiguous bases, were removed from the sequencing datasets using RDP tools (<http://pyro.cme.msu.edu/>). In addition, the alpha diversity (Chao 1, ACE, Simpson and Shannon) of the sequences was calculated following the pipeline of QIIME[@b39]. Taxonomic classifications of the quality-controlled sequences were then conducted using RDP Classifier with a confidence threshold of 80%. Operational taxonomic units (OTU) were acquired from the sequences using UCLUST at a 97% similarity level[@b40].

Calculations
------------

The nitrite accumulation ratio (NAR, %) was calculated using Eq. (1).

The free ammonia (FA) and free nitrous acid (FNA) concentrations were calculated using the acid-base equilibria ([Eqs (2](#eq2){ref-type="disp-formula"}) and ([3](#eq3){ref-type="disp-formula"}))[@b41].
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###### Comparison of the SBR performances with several reference works under high ammonium condition.

  system                           volume (L)    DO (mg/L)     NH^4^−N (mg/L)   NAR (%)   NLR (kg/m^3^/d)   ARR (kg/m^3^/d)   references
  ------------------------------- ------------ -------------- ---------------- --------- ----------------- ----------------- ------------
  Activated sludge unit               21.0         \<2.0            3300        16--20       1.0--4.0                           [@b1]
  Swim-bed reactor                    10.8      8.01 min^−1^        1000         95.4          5.45               ---           [@b42]
  Activated sludge system             26.0          6.5             1350          98            1.2               ---           [@b43]
  Internal loop airlift reactor       3.8         1.1--2.1          1039          ---           ---               ---           [@b2]
  Airlift reactor                     5.0           2.2             1400          ≥80           2.1               2.0           [@b23]
  SBR                                  50         0.3--0.5          1500         83.5           3.6               3.5         This study

###### Diversity and richness of the 16S rRNA sequences.

  Samples    Reads    OTUs   ACE[a](#t2-fn1){ref-type="fn"}   Chao[a](#t2-fn1){ref-type="fn"}   Shannon[b](#t2-fn2){ref-type="fn"}   Simpson[c](#t2-fn3){ref-type="fn"}
  --------- -------- ------ -------------------------------- --------------------------------- ------------------------------------ ------------------------------------
  S1         9,086    444                 482                               480                                4.3                                  0.08
  S2         10,952   431                 506                               502                                3.5                                  0.19
  S3         18,162   404                 483                               497                                3.7                                  0.07
  S4         12,121   181                 221                               228                                3.1                                  0.11
  S5         12,658   163                 189                               191                                2.7                                  0.20
  S6         12,802   125                 152                               150                                2.2                                  0.29
  S7         17,871   120                 140                               132                                1.7                                  0.44
  S8         14,809   104                 142                               160                                1.2                                  0.62

^a^Community richness. A higher number indicates more richness.

^b^Community diversity. A higher number indicates more diversity.

^c^Community diversity. A higher number indicates less diversity.

###### Components of the synthetic wastewater.

  Components               Concentration (g/L)      Components      Concentration (g/L)
  ----------------------- --------------------- ------------------ ---------------------
  NH~4~Cl                     Add as needed      CaCl~2~ · H~2~O           0.14
  KH~2~PO~4~                      0.025          MgSO~4~ · 7H~2~O           0.3
  Trace elements 5 ml/L                                            
  CoSO~4~ · H~2~O                  1.9           ZnSO~4~ · 7H~2~O            5
  MnCl~2~ · 4H~2~O                5.06           CuSO~4~ · 5H~2~O          1.57
  Na~2~-EDTA                       50            FeSO~4~ · 7H~2~O            5
  NaMoO~4~ · 2H~2~O                1.1                                        

###### The operation condition in different period.

  Operational period    Time (days)   HRT (h)   nitrogen loading rate (kg N/m^3^/d)   DO (mg/L)
  -------------------- ------------- --------- ------------------------------------- -----------
  I                        1--37        20                  0.12--0.24                0.8--1.0
  II                      38--90        20                  0.36--0.48                0.8--1.0
  III                     91--143       10                   0.96--2.4                0.3--0.5
  IV                     144--172       10                   3.12--3.6                0.3--0.5
